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Abstract. We investigate the possible deuteron-like molecules composed of a pair of charmed spin- 3
2
baryons, or one charmed baryon and one charmed antibaryon within the one-boson-exchange (OBE)
model. For the spin singlet and triplet systems, we consider the couple channel effect between systems
with different orbital angular momentum. Most of the systems have binding solutions. The couple channel
effect plays a significant role in the formation of some loosely bound states. The possible molecular states
of Ω∗cΩ
∗
c might be stable once produced.
PACS. XX.XX.XX No PACS code given
1 INTRODUCTION
Since the charmonium-like state X(3872) was reported by
the Belle Collaboration in 2003 [1], exotic states attracted
great interest around the world. Many experiment collabo-
rations such as BaBar, BESIII, Belle, LHCb, CDF, D0, re-
ported discoveries of new charmonium-like and bottomonium-
like states such as Y (4260) [2], Zc(3900) [3,4], Zb(10610)
and Zb(10650) [5]. In 2015, LHCb reported two hidden-
charm pentaquark states Pc(4380) and Pc(4450) [6]. One
can find the experimental and theoretical progress about
these exotic states in the recent reviews [7,8,9,10,11,12]
It is difficult to interpret some of these states with
the conventional quark model. They may well be multi-
quark states rather than traditional qq¯ and qqq hadrons.
Some of them are well studied as dynamically generated
bound states or resonances [31,32,33,34,35,36]. For the
exotic states near the threshold of two heavy hadrons,
it is natural to consider them as candidates of molecu-
lar states. A hadronic molecular state is a loosely bound
state composed of two color-singlet hadrons. The interac-
tion is the residual force of the color interaction, which is
usually described as one-boson-exchange (OBE) potential.
The OBE model is very successful to explain the deuteron,
a well-established hadronic molecular state composed of a
neutron and a proton. The meson exchange force together
with the S-D mixing effect render the deuteron a loosely
bound state. The binding energy is about 2.225 MeV and
root-mean-square radius is about 2.0 fm.
a e-mail: bin yang@pku.edu.cn
b e-mail: lmeng@pku.edu.cn
c e-mail: zhusl@pku.edu.cn
Voloshin and Okun proposed the hadronic molecular
composed of two charmed mesons about forty years ago [13].
De Rujula et al. also used the molecular model to inter-
pret the ψ(4040) as a D∗D¯∗ molecule [14]. To¨rnqvist used
the one-pion-exchange (OPE) potential to calculate the
possible molecular state composed of one charmed meson
and one charmed antimeson[15,16].
There are also many other analyses about hadronic
molecular states, such as the combination of two mesons[17,
18,19,20,21,22,23], or two baryons[24,25,26,27,28,29,30].
Similarly, the hidden-charm(bottom) pentaquark states
can be explained as a molecular state formed by one heavy
meson and one heavy baryon[37,38,39,40,41,42,43]. In
addition, some near threshold states might be treated as a
compact core plus a molecular component, like X(3872)[44,
45,46].
In the Ref. [26], Li et al. calculated the possible molec-
ular states composed of two spin- 12 heavy baryons with
the OPE and OBE potential, respectively. They analysed
the ΛcΛc system and considered the couple-channel effect
of Σc and Σ
∗
c . In this work, we extend the same formalism
to investigate the possible hadronic molecular states com-
posed of two spin- 32 singly charmed baryons. We adopt
the OBE potential and take the couple channel effect be-
tween systems with different orbital angular momentum
into consideration.
This work is organized as follows. After the introduc-
tion, we present the formalism in Section 2, in which we
introduce the Lagrangians, coupling constants and the ef-
fective interaction potentials. In Section 3 we show our
numerical results of the two heavy baryon systems. Then
we discuss our results and conclude in Section 4. We col-
lect some useful formulae and functions in Appendixes A
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and B. We also calculate the systems composed of one
heavy baryon and one heavy antibaryon. The numerical
results are collected in Appendix C.
2 FORMALISM
2.1 The Lagrangian
The singly charmed baryon is composed of one charm
quark and two light quarks, which is usually treated as
a diquark. In the heavy quark limit, we can classify the
singly charmed baryons with symmetry of the light di-
quark. The wave function of the diquark is as follows,
Ψ totalqq = Ψ
flavor
qq ⊗ Ψspinqq ⊗ Ψ colorqq ⊗ Ψspatialqq . (1)
The total wave function Ψ totalqq is antisymmetric for a fermion
system as required by Pauli Principle. The color wave
function Ψ colorqq must be in antisymmetric 3¯c-representation,
and the spatial wave function Ψspatialqq is symmetric for
the ground state. As a result, the flavor wave function
Ψflavorqq and the spin wave function Ψ
spin
qq are correlated
with each other. When Ψflavorqq is symmetric in the 6f -
representation, Ψspinqq must be symmetric, which means
the spin of the diquark is 1. On the other hand, Ψflavorqq
can also be antisymmetric in the 3¯f -representation, and
Ψspinqq must be antisymmetric, i.e., the spin of diquark
is 0. Taking the spin of heavy quark into account, it is
convenient to describe the charmed baryon with its total
spin and the flavor representation of diquark. For the 6f -
representation one, the total spin can be 12 and
3
2 . For the
3¯f -representation one, the total spin is
1
2 .
We denote the charmed baryons as [47]:
B6 =


Σ++c
1√
2
Σ+c
1√
2
Ξ
′
+
c
1√
2
Σ+c Σ
0
c
1√
2
Ξ
′
0
c
1√
2
Ξ
′+
c
1√
2
Ξ
′0
c Ω
0
c

 , B3¯ =


0 Λ+c Ξ
+
c
−Λ+c 0 Ξ
0
c
−Ξ+c −Ξ
0
c 0

 ,
B∗6 =


Σ∗++c
1√
2
Σ∗+c
1√
2
Ξ∗+c
1√
2
Σ∗+c Σ
∗0
c
1√
2
Ξ∗0c
1√
2
Ξ∗+c
1√
2
Ξ∗0c Ω
∗0
c

 .
(2)
We use the superscript “ * ” to label spin- 32 baryons. The
matrices of exchanged pseudoscalar and vector bosons are
as follows,
M =


pi0√
2
+ η√
6
π+ K+
π− − pi0√
2
+ η√
6
K0
K− K¯0 − 2√
6
η

 ,
Vµ =


ρ0√
2
+ ω√
2
ρ+ K∗+
ρ− − ρ0√
2
+ ω√
2
K∗0
K∗− K¯∗0 φ


µ
. (3)
Under the SU(3)-flavor symmetry, the meson exchange
Lagrangians are constructed as [48]
L = Lσhh + Lphh + Lvhh, (4)
for the scalar meson exchange
Lσhh = −gσB∗
6
B∗
6
Tr[B¯∗µ6 σB
∗
6µ], (5)
for the pseudoscalar meson exchange
Lphh = −gpB∗
6
B∗
6
Tr[B¯∗µ6 iγ5MB∗6µ], (6)
and for the vector meson exchange
Lvhh =− gvB∗
6
B∗
6
Tr[B¯∗µ6 γνVνB∗6µ]
− i fvB
∗
6
B∗
6
2m6∗
Tr[B¯∗6µ(∂
µVν − ∂νV µ)B∗6ν ].
(7)
The notations gσB∗
6
B∗
6
, gpB∗
6
B∗
6
and gvB∗
6
B∗
6
, represent the
coupling constants. m∗6 is the mass of the spin
3
2 heavy
baryon in 6f -representation.
2.2 Coupling Constants
The coupling constants in Eqs. (5-7) can be determined
with the help of the nucleon-nucleon-meson vertices. Com-
paring the relevant constants for heavy baryon with those
for nucleon via the quark model, we can easily get the
relationship between them. Some details can be found in
Ref .[27]. Here we list the relationships we need in this
work directly,
gσB∗
6
B∗
6
=
2
3
gσNN , (8)
gpB∗
6
B∗
6
=
6
√
2
5
gpiNN
mi +mf
2mN
, (9)
gvB∗
6
B∗
6
= 2
√
2gρNN , (10)
gvB∗
6
B∗
6
+ fvB∗
6
B∗
6
=
6
√
2
5
(gρNN + fρNN )
√
mimf
mN
(11)
where the gσNN , gpiNN , gρNN and fρNN , are the nucleon-
nucleon-meson coupling constants. Their numerical val-
ues are taken from Refs. [49,50,51,52]. For the nucleon
vertices, one can also choose coupling constants for other
mesons such as gηNN and gωNN . In this work, we select
three representative numerical values as mentioned above,
after consider their stability in various models. Their val-
ues are shown in Table 1. mN is the nucleon mass, mi
and mf are the masses of initial state and final state
baryon respectively. Thus, the numerical values of cou-
pling constants for different baryon-baryon-meson vertices
vary slightly. Their numerical values can be found in Ta-
ble 2. The masses of baryons and exchanged mesons are
collected in Table 1.
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Table 1. The relevant hadron masses [53] and coupling constants for the nucleon [49,50,51,52]. For the multiple hadrons, their
averaged masses are used.
Baryons Mass(MeV) Mesons Mass(MeV) Mesons Mass(MeV) Couplings Value
Σ∗c 2518.4 pi 137.25 ω 782.65 g
2
σNN/4pi 5.69
Ξ∗c 2645.9 η 547.85 φ 1019.46 g
2
piNN/4pi 13.6
Ω∗c 2765.9 ρ 775.49 σ 600 g
2
ρNN/4pi 0.84
fρNN/gρNN 6.1
Table 2. The coupling constants for the spin- 3
2
charmed
baryons.
Vertex gσB∗
6
B∗
6
gpB∗
6
B∗
6
gvB∗
6
B∗
6
fvB∗
6
B∗
6
Σ∗cΣ
∗
c 5.64 59.50 9.19 95.80
Ξ∗cΞ
∗
c 5.64 62.51 9.19 101.12
Ω∗cΩ
∗
c 5.64 65.35 9.19 106.12
2.3 The Effective Interaction Potentials
With the Lagrangians in Eqs. (5-7), we can get the inter-
action potentials V(Q) in momentum space, which can be
expanded in terms of the heavy baryon mass. We expand
the potential up to O( 1
m2
Q
). Then we transform the poten-
tial to coordinate space through Fourier transformation.
V(r) = 1
(2π)3
∫
dQeiQ·rV(Q) · F2(Q) (12)
A form factor F(Q) is introduced to suppress the contribu-
tion of high momentum transfer between baryons. Within
the meson exchange framework, it is not self-consistent to
keep the very short-range interaction, which explores the
inner structure of baryons. There are many different kinds
of form factors and we choose the traditional monopole
one for convenience,
F(Q) = Λ
2 −m2ex
Λ2 −Q2 =
Λ2 −m2ex
λ2 +Q2
. (13)
The parameter Λ is an adjustable cutoff for suppressing
the high momentum contribution, which is 0.8-1.5 GeV
suggested by the study of the deuteron.mex and Q are the
mass and the four momentum of the exchanged mesons,
respectively. λ2 = Λ2 − Q20. The specific potentials for
exchanging different mesons are as follows,
– Scalar meson exchange
V sC(r, σ) =− Csσ
gs1gs2
4π
uσ
ï
H0 − u
2
σ
8mAmB
H1
ò
,
V sLS(r, σ) =− Csσ
gs1gs2
4π
u3σ
2mAmB
H2∆LS .
(14)
– Pseudoscalar mesons exchange
V pSS(r, α) = C
p
α
gp1gp2
4π
u3α
12mAmB
H1∆SASB ,
V pT (r, α) = C
p
α
gp1gp2
4π
u3α
12mAmB
H3∆ten.
(15)
if u2ex = m
2
ex − (mf −mi)2 < 0, the potentials change
into
V pSS(r, α) = C
p
α
gp1gp2
4π
θ3α
12mAmB
M1∆SASB ,
V pT (r, α) = C
p
α
gp1gp2
4π
θ3α
12mAmB
M3∆ten,
(16)
where θ2ex = −[m2ex − (mf −mi)2].
– Vector mesons exchange
V vC (r, β) =C
v
β
uβ
4π
ï
gv1gv2H0 +
u2β
8mAmB
× (gv1gv2 + 2gv1fv2 + 2gv2fv1)H1
ò
,
V vSS(r, β) =C
v
β
1
4π
ï
gv1gv2 + gv1fv2 + gV 2fv1 + fv1fv2
ò
× u
3
β
6mAmB
H1∆SASB ,
V vT (r, β) =− Cvβ
1
4π
ï
gv1gv2 + gv1fv2 + gv2fv1 + fv1fv2
ò
× u
3
β
12mAmB
H3∆ten,
V vLS(r, β) =− Cvβ
1
4π
ï
3gv1gv2∆LS + 4gv1fv2∆LSA
+ 4gv2fv1∆LSB
ò
u3β
2mAmB
H2.
(17)
In the above expressions, the superscripts s, p and v mean
scalar, pseudoscalar and vector mesons, respectively. α =
π, η and β = ω, ρ, φ. mA and mB are the heavy baryon
masses. gs, gp and gv are the coupling constants in Eqs. (8-
11). 1 and 2 in the subscript are used to mark different
vertices. Csσ, C
p
α and C
v
β in the expressions are the isospin
factors. Their values are given in Table 3. The scalar func-
tion Hi = Hi(Λ,mσ/α/β , r), Mi = Mi(Λ,mα, r) come
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from Fourier transform. We give their specific expressions
in Appendix A. The subscripts C, LS, SS and T denote
four different kinds of potentials, central term, spin-orbit
term, spin-spin term and tensor term. ∆SASB , ∆LS and
∆T are the spin-spin operator, spin-orbital operator and
tensor operator, respectively. Their specific forms are col-
lected in Appendix B.
Apart from the two baryon systems, we also calculate
the possible molecular states with one baryon and one
antibaryon. We use the G-parity rule to derive the poten-
tial between a baryon and its antibaryon. The potentials
in Eqs. (14-17) still hold up to an extra factor (−1)IG ,
where IG is the G-parity of the exchanged meson. The
extra factor is absorbed into the isospin factor of baryon-
antibaryon system in Table 3.
For the molecular states composed of two spin- 32 baryons,
the total spin J can be 0, 1, 2 and 3. The wave function
of bound states in S-wave reads
Ψ(r, θ, φ)χssz = T (r) |2S+1SJ〉 . (18)
For the J = 0 and 1 systems, we also take the couple
channel effect from systems with higher orbital angular
momentum into consideration. For the J = 0 states, we
consider the S-D wave mixing. The wave function reads
Ψ(r, θ, φ)TχTssz =

TS(r)
0

 |1S0〉+

 0
TD(r)

 |5D0〉 , (19)
where Ti means the radial wave functions for different
channels. For the J = 1 states, we consider the G-wave
mixing additionally. The wave function reads
Ψ(r, θ, φ)TχTssz =


TS(r)
0
0
0


|3S1〉+


0
TD(r)
0
0


|3D1〉
+


0
0
T ′D(r)
0


|7D1〉+


0
0
0
TG(r)


|7G1〉 .
(20)
The matrix elements of operators in Eqs. (14-17) can
be derived explicitly,
– Single channel
∆LS = 0, ∆LSA = 0, ∆LSB = 0, ∆T = 0,
∆SASB = (2S(S + 1)− 15) /9.
(21)
– Couple channel for JP = 0+
∆LS =

 0 0
0 −2

 , ∆LSA =

 0 0
0 −1

 ,
∆LSB =

 0 0
0 −1

 , ∆SASB =

− 53 0
0 −1

 ,
∆T =

 0 − 43
− 43 − 43

 .
(22)
– Couple channel for JP = 1+
∆LS =


0 0 0 0
0 −1 0 0
0 0 − 83 0
0 0 0 −5


, ∆LSA =


0 0 0 0
0 − 12 0 0
0 0 − 43 0
0 0 0 − 52


,
∆LSB =


0 0 0 0
0 − 12 0 0
0 0 − 43 0
0 0 0 − 52


, ∆SASB =


− 119 0 0 0
0 − 119 0 0
0 0 1 0
0 0 0 1


,
∆T =


0 34
√
2
45 − 4
√
7
15 0
34
√
2
45 − 3445 4
√
14
105 − 4
√
42
35
− 4
√
7
15
4
√
14
105 − 4835 4
√
3
35
0 − 4
√
42
35
4
√
3
35 − 107


.
(23)
The derivation details about these matrix elements of
the operators can also be found in Appendix B.
3 NUMERICAL RESULTS
With the effective potential, we solve the Schro¨dinger equa-
tion numerically and then obtain the binding energy and
radial wave function. We can calculate the root-mean-
square radius (Rrms) with the radial wave function, which
can help us to check the self-consistency and rationality
of the molecular state. The root-mean-square radius is
R2rms =
∫ ∑
i
Ti(r)T
∗
i (r)r
4dr, (24)
where Ti is the radial wave function of channel i. The∑
means the sum of all different channels. We can also
calculate the individual probability for each channel.
PTi =
∫
T ∗i (r)Ti(r)r
2dr. (25)
In our results we keep one decimal of energies and
root-mean square radii, which dose not represent our ac-
curacy. The numbers are simply numerical results under
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Table 3. The isospin factors for two baryon systems and baryon-antibaryon systems. The factors (−1)IG from G-parity rule
have been absorbed by the isospin factors in the right panel.
States Csσ C
p
pi C
p
η C
v
ρ C
v
ω C
v
φ States C
s
σ C
p
pi C
p
η C
v
ρ C
v
ω C
v
φ
Σ∗cΣ
∗
c [I = 0] 1 -1 1/6 -1 1/2 0 Σ
∗
c Σ¯
∗
c [I = 0] 1 1 1/6 -1 -1/2 0
Σ∗cΣ
∗
c [I = 1] 1 -1/2 1/6 -1/2 1/2 0 Σ
∗
c Σ¯
∗
c [I = 1] 1 1/2 1/6 -1/2 -1/2 0
Σ∗cΣ
∗
c [I = 2] 1 1/2 1/6 1/2 1/2 0 Σ
∗
c Σ¯
∗
c [I = 2] 1 -1/2 1/6 1/2 -1/2 0
Ξ∗cΞ
∗
c [I = 0] 1 -3/8 1/24 -3/8 1/8 1/4 Ξ
∗
c Ξ¯
∗
c [I = 0] 1 3/8 1/24 -3/8 -1/8 -1/4
Ξ∗cΞ
∗
c [I = 1] 1 1/8 1/6 1/8 1/8 1/4 Ξ
∗
c Ξ¯
∗
c [I = 1] 1 -1/8 1/6 1/8 -1/8 -1/4
Ω∗cΩ
∗
c [I = 0] 1 0 2/3 0 0 1 Ω
∗
c Ω¯
∗
c [I = 0] 1 0 2/3 0 0 -1
this framework. The actual uncertainty stemming from
the theoretical framework may be quite large.
We calculate the possible molecular states formed by
two baryons. The total wave function of the two baryons
system is antisymmetric for the Pauli Principle. Since the
spatial wave function is symmetric, the S = 0, 2 state has
the symmetric isospin wave function and S = 1, 3 state has
the antisymmetric isospin wave function. We also calcu-
late the possible molecular states composed of one baryon
and one antibaryon. Since a baryon-antibaryon molecu-
lar state may decay into three mesons through quark re-
arrangement, which renders the bound states unstable.
The binding solution in our calculations for the baryon-
antibaryon system may be a candidate of the molecule-
type resonance. Thus, the numerical results of the baryon-
antibaryon systems are collected in Appendix C.
3.1 Single Channel Calculation
We first perform the single channel calculation to find the
possible molecular states. Here we calculate the S-wave
systems. We give the binding energies and the root-mean-
square radii of possible molecular states in Table 4.
Their potentials are shown in Fig. 1. There exist bind-
ing solutions for the Σ∗cΣ
∗
c [0(2
+), 2(0+), 1(1+), 1(3+)],
Ξ∗cΞ
∗
c [0(1
+), 0(3+), 1(0+), 1(2+)], andΩ∗cΩ
∗
c [0(0
+), 0(2+)]
systems. All these bound states are good molecule candi-
dates. Each of them has a small binding energy and suit-
able root-mean-square radius under a reasonable range of
the cutoff parameter.
There are four candidates of Σ∗cΣ
∗
c molecular states.
For the Σ∗cΣ
∗
c [0(2
+)] system, the π exchange potential is
attractive when r < 1 fm, which provides the main part
of the total potential. The binding energy is 2.6-28.1 MeV
when the cutoff parameter varies from 0.8 GeV to 0.9 GeV.
For the Σ∗cΣ
∗
c [2(0
+)] system, π, η, ρ and ω exchange po-
tentials are considerably repulsive in the short-range and
become attractive when r > 0.6 fm. The σ exchange po-
tential is always attractive. As a result, the total poten-
tial is slightly attractive in the range 0.7 < r < 1.5 fm. A
bound state appears with binding energy about 2.3-11.1
MeV when the cutoff parameter is around 1.4-1.6 GeV.
The potential of Σ∗cΣ
∗
c [1(1
+)] system is similar to that of
[0(2+)] system. The binding energy of the state is 18.8-
55.6 MeV, while the cutoff parameter is 0.8-0.9 GeV. For
the Σ∗cΣ
∗
c [1(3
+)] system, the total potential is repulsive
when r < 0.3 fm. In the range 0.4 < r < 1.5 fm, the con-
tributions of the ρ and ω exchange cancel with each other
significantly, which makes the total potential weakly at-
tractive. As a result there exists a weak binding solution
with the cutoff parameter is around 1.3-1.5 GeV.
The potentials of the Ξ∗cΞ
∗
c systems can be slightly
attractive with an appropriate cutoff. For the Ξ∗cΞ
∗
c [0(1
+)]
system, the attractive potential arising from the one pion
exchange leads to a binding solution. The binding energy
is 10.3-85.9 MeV while the cutoff parameter is 0.85-0.95
GeV. For the Ξ∗cΞ
∗
c [0(3
+)] systems, the π and σ exchange
potentials are attractive around 0.5-1.0 fm. As a result,
a slightly bound state with binding energy 2.1-11.0 MeV
appears when the cutoff parameter is 1.1-1.3 GeV. For the
Ξ∗cΞ
∗
c [1(0
+), 1(2+)], the attractive parts of the potentials
mainly come from the σ exchange. The binding energy of
the Ξ∗cΞ
∗
c [1(0
+)] around 1.2-5.6 MeV with the cutoff is
1.3-1.5 GeV. The binding energy of the Ξ∗cΞ
∗
c [1(2
+)] is
2.7-3.8 MeV when the cutoff varies from 1.1 GeV to 1.5
GeV.
For the Ω∗cΩ
∗
c systems, two loosely bound states are
obtained. There dose not exist the π exchange between
two Ω∗c s, which usually provides the main part of the total
potential. Even so, the σ, η and φ exchanges can also
lead to a weakly attractive potential around 1 fm. For
the Ω∗cΩ
∗
c [0(0
+)] system, we find a bound state with the
binding energy about 2.4-6.0 MeV when the cutoff is 1.1-
1.3 GeV. And for the Ω∗cΩ
∗
c [0(2
+)] system, a bound state
with binding energy 5.2-11.8 MeV appears when the cutoff
parameter is 1.0-1.4 GeV.
From the Fig. 1, one can notice that a strong attrac-
tion exists for the systems Σ∗cΣ
∗
c [0(0
+)] in the range r < 1
fm. The strong attractive potential is provided by the π
exchange. The contribution of the other meson exchange
is quite small. The strong attractive total potential gen-
erates a tightly bound system. We get a binding solu-
tion with very large binding energy and very small root-
mean-square radius. The strong attraction in the channel
strongly indicates that there may exist the heavy analogue
of the H-dibaryon with the configurations such as ccqqqq
where q denotes the up or down quark. For the system
Σ∗cΣ
∗
c [2(2
+)], the total attractive potential is too weak to
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Table 4. The numerical results for two charmed baryons in single channel calculation. Λ is the cutoff parameter. ”E” is the
binding energy. Rrms is the root-mean-square radius. We use [I(J
P )] to mark different states. The sign “×” means no reasonable
binding solution.
States Λ(MeV) E(MeV) Rrms(fm) States Λ(MeV) E(MeV) Rrms(fm)
Σ∗cΣ
∗
c [0(0
+)] Ξ∗cΞ
∗
c [0(1+)]
850 10.3 1.2
× 900 40.0 0.7
950 85.9 0.5
Σ∗cΣ
∗
c [0(2
+)]
800 2.6 2.0
Ξ∗cΞ
∗
c [0(3+)]
1100 2.1 2.5
850 11.5 1.1 1200 6.1 1.7
900 28.1 0.8 1300 11.0 1.4
Σ∗cΣ
∗
c [2(0
+)]
1400 2.3 2.7
Ξ∗cΞ
∗
c [1(0+)]
1300 1.2 3.2
1500 5.8 1.9 1400 2.9 2.2
1600 11.1 1.6 1500 5.6 1.8
Σ∗cΣ
∗
c [2(2
+)] Ξ∗cΞ
∗
c [1(2+)]
1100 2.7 2.1
× 1300 4.2 1.8
1500 3.8 1.8
Σ∗cΣ
∗
c [1(1
+)]
800 18.8 0.9
Ω∗cΩ
∗
c [0(0
+)]
1100 2.4 2.3
850 35.0 0.8 1200 3.5 2.0
900 55.6 0.6 1300 6.0 1.7
Σ∗cΣ
∗
c [1(3
+)]
1300 3.0 2.2
Ω∗cΩ
∗
c [0(2
+)]
1000 5.2 1.6
1400 5.9 1.7 1200 11.8 1.2
1500 9.5 1.4 1400 5.9 1.6
form a bound state. Actually we find no binding solution
in a reasonable range for the cutoff parameter.
3.2 Couple Channel Calculation
Here, we consider the couple channel effect between states
with different spin and angular momentum for compari-
son. These states are mixed by the tensor operator. For the
system with spin 0, we consider the S-D wave mixing. For
the system with spin 1, we add G-wave besides the S- and
D-waves. For the D-wave channel, the spin of two baryons
can be 1 or 3. The numerical results including the binding
energy, root-mean-square radius and the percentages of
different channels are shown in Table 5 and Table 6. The
potentials of different channels are given in Figs. 2 and 3
respectively. There are three good candidates of molecu-
lar systems with total spin 0, Σ∗cΣ
∗
c [2(0
+)], Ξ∗cΞ
∗
c [1(0
+)],
and Ω∗cΩ
∗
c [0(0
+)]. For the systems with total spin 1, the
Σ∗cΣ
∗
c [1(1
+)] and Ξ∗cΞ
∗
c [0(1
+)] are also good candidates
of molecular states.
For the Σ∗cΣ
∗
c [2(0
+)] system, one notices that the in-
teraction potentials of the 5D0 channel and the transition
potential of 1S0 ↔ 5D0 in Fig. 2 are both repulsive. There
exists a loosely bound state with binding energy 3.2-14.8
MeV, while the cutoff is 1.4-1.6 GeV. The S-D mixing
is quite small for the system. From Table 5, we notice
that the probability of the D-wave is about 2%. For the
Ξ∗cΞ
∗
c [1(0
+)] and the Ω∗cΩ
∗
c [0(0
+)] systems, the S-D tran-
sition potentials both affect the solutions slightly. Their
binding energies change slightly compared with the single
channel cases. For the Σ∗cΣ
∗
c [0(0
+)] system, there is no
slightly bound solution even if we consider the S-D wave
mixing.
For the Σ∗cΣ
∗
c [1(1
+)] and Ξ∗cΞ
∗
c [0(1
+)] systems with
J = 1, we can still find loosely bound solutions when the
channel mixing effect is considered. Compared with the
single channel cases, their binding energies become slightly
larger, and more dependent on the cutoff parameter. We
show their potentials in the Fig. 3.
4 DISCUSSIONS AND CONCLUSIONS
In this work, we have performed a systematic investigation
of the possible deuteron-like molecules composed of a pair
of spin- 32 singly charmed baryons. We have calculated the
single channel results for all possible states with different
total spins, and considered the couple channel effect for
total spin 0 and 1 systems. For the systems with total
spin 0, the channel mixing is between 1S0 and
5D0. For
the systems with total spin 1, we include four channels,
3S1,
3D1,
7D1 and
7G1 in calculation.
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Fig. 1. The interaction potentials for the two charmed baryons in the S-wave.
Table 5. The numerical results for two charmed baryons with total spin 0 in couple channel calculation. Λ is the cutoff
parameter. ”E” is the binding energy. Rrms is the root-mean-square radius. We use [I(J
P )] to mark different states. PS is the
percentage of the S wave, and PD is the percentage of the D wave.
States Λ(MeV) E(MeV) Rrms(fm) PS(%) PD(%) States Λ(MeV) E(MeV) Rrms(fm) PS(%) PD(%)
Σ∗cΣ
∗
c [0(0
+)] Ξ∗cΞ
∗
c [1(0
+)]
1400 3.1 2.2 99.9 0.1
× 1600 11.5 1.4 99.6 0.4
1800 27.8 1.1 98.8 1.2
Σ∗cΣ
∗
c [2(0
+)]
1400 3.2 2.7 98.5 1.5
Ω∗cΩ
∗
c [0(0
+)]
1000 2.1 2.5 98.5 1.5
1500 7.5 2.0 99.0 0.1 1200 6.0 1.8 97.7 2.3
1600 14.8 1.6 99.3 0.7 1400 11.3 1.5 99.5 0.5
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Table 6. The numerical results for two charmed baryons with total spin 1 in couple channel calculation. Λ is the cutoff
parameter. ”E” is the binding energy. Rrms is the root-mean-square radius. We use [I(J
P )] to mark different states. PS is the
percentage of the 3S1, PD1 is the percentage of the
3D1, PD2 is the percentage of the
7D1, and PG is the percentage of the
7G1.
States Λ(MeV) E(MeV) Rrms(fm) PS(%) PD1(%) PD2(%) PG(%)
Σ∗cΣ
∗
c [1(1
+)]
800 23.3 1.1 98.1 1.5 0.4 0.0
820 29.7 1.0 98.1 1.5 0.4 0.0
840 36.8 0.9 98.2 1.4 0.4 0.0
Ξ∗
′
c Ξ
∗′
c [0(1+)]
820 4.9 1.9 97.4 2.0 0.6 0.0
840 11.0 1.5 97.5 1.9 0.6 0.0
860 19.6 1.2 97.9 1.6 0.5 0.0
Fig. 2. The interaction potentials for the two charmed baryons with total spin 0. Two channels are included. V11, V12 and
V22 denote the
1S0 ↔
1S0,
1S0 ↔
5D0 and
5D0 ↔
5D0 transitions potentials. The four rows from top to bottom are for
Σ∗cΣ
∗
c [0(0
+)], Σ∗cΣ
∗
c [2(0
+)], Ξ∗cΞ
∗
c [1(0
+)] and Ω∗cΩ
∗
c [0(0
+)].
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Fig. 3. The interaction potentials for the Σ∗cΣ
∗
c and Ξ
∗
cΞ
∗
c systems with total spin 1 in couple channel calculation. The subscript
number “1-4” of “V ” means states3S1,
3D1,
7D1 and
7G1 in sequence. We show only four representative potentials here. V22 are
similar to V11. V24 is similar to V13. V44 are similar to V33.
The hadronic molecule is assumed to be a loosely bound
state of two color singlet components. The formation of
the molecular state mainly arises from the relatively long
range attraction, which can be described well in OBE
model. However, the extremely short range interaction
from the OBE model may be not very convincing. There-
fore, the very deep binding solution arising from the strong
short attraction may be not physical. Thus, according to
an empirical and intuitive approach suggested in Ref. [26],
the binding energy of a molecular state formed by two
charmed baryons is expected to be less than 240 MeV, and
the root-mean-square radius to be larger than 0.6-1.0 fm.
With the help of the criteria, we have used the binding en-
ergy and root-mean-square radius to make some educated
guesses whether the system is a loosely bound state. We
use × in the table of results to denote those systems with
very large binding energies.
For the ten systems,Σ∗cΣ
∗
c [0(2
+), 2(0+), 1(1+), 1(3+)],
Ξ∗cΞ
∗
c [0(1
+), 0(3+), 1(0+), 1(2+)] andΩ∗cΩ
∗
c [0(0
+), 0(2+)],
we have obtained loosely bound solutions with small bind-
ing energies and appropriate sizes. After we consider the
channel mixing effect, the loosely binding solutions of the
Σ∗cΣ
∗
c [2(0
+)], [1(1+)], Ξ∗cΞ
∗
c [1(0
+)], [0(1+)], Ω∗cΩ
∗
c [0(0
+)]
systems still exist. The multichannel effect always makes
the binding slightly deeper. The cutoff parameters of the
systems are almost in the range of 0.8-1.5 GeV, while
that for the Σ∗cΣ
∗
c [2(0
+)] system is a little larger. Al-
though the experience of the deuteron suggests a range
from 0.8 GeV to 1.5 GeV, it may be reasonable to slightly
widen the range for a much heavier system. Thus, they
are all good molecular candidates. For the Σ∗cΣ
∗
c [2(2
+)]
system, the potential is hardly attractive, and we find no
binding solution with a reasonable cutoff parameter. For
the Σ∗cΣ
∗
c [0(0
+) system, the OBE potential is strongly
attractive, which indicates that the tightly bound heavy
dibaryon may exist with the configurations such as ccssqq
or ccqqqq where q denotes the up or down quark.
The mass difference between Ω∗c and Ωc is too small
for any strong decay to occur. As a result, the Ω∗c decays
mainly via Ω∗c → Ωcγ. Once the states are produced in ex-
periments, they would be stable. Thus the Ω∗cΩ
∗
c systems
may be observed in the future.
We also calculate the systems formed by one baryon
and one antibaryon in Appendix C. The present formal-
ism can be extended easily to the loosely bound systems
composed of two different spin- 32 baryons, only by adding
the influence of the K and K∗ exchanges. The framework
can be used to study the systems composed of one spin
1
2 -baryon and one spin-
3
2 baryon. One may also extend the
couple channel effect to the systems with different parti-
cles, such as Σ∗cΣ
∗
c [0(0
+)]↔ ΣcΣc[0(0+)].
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A Expressions of Special Functions and Some
Fourier Transformation Formulae
The definitions of Hi etc. are
H0(Λ,m, r) = Y (ur)− λ
u
Y (λr) − rβ
2
2u
Y (λr),
H1(Λ,m, r) = Y (ur)− λ
u
Y (λr) − rλ
2β2
2u3
Y (λr),
H2(Λ,m, r) = Z1(ur)− λ
3
u3
Z1(λr) − λβ
2
2u3
Y (λr),
H3(Λ,m, r) = Z(ur)− λ
3
u3
Z(λr)− λβ
2
2u3
Z2(λr),
M0(Λ,m, r) = − 1
θr
[
cos(θr) − e−λr]+ β2
2θλ
e−λr,
M1(Λ,m, r) = − 1
θr
[
cos(θr) − e−λr]− λβ2
2θ3
e−λr,
M3(Λ,m, r) = −
ï
cos(θr) − 3 sin(θr)
θr
− 3cos(θr)
θ2r2
ò
1
θr
− λ
3
θ3
Z(λr) − λβ
2
2θ3
Z2(λr),
(26)
where
β2 = Λ2 −m2, u2 = m2 −Q20,
θ2 = −(m2 −Q20), λ2 = Λ2 −Q20,
and
Y (x) =
e−x
x
, Z(x) = (1 +
3
x
+
3
x2
)Y (x),
Z1(x) = (
1
x
+
1
x2
)Y (x), Z2(x) = (1 + x)Y (x).
The parameter Q0 is the zero component of the four mo-
mentum of exchanged meson.
We give some Fourier transformation formulae to de-
rive the effective potential,
1
u2 +Q2
F2(Q)→ u
4π
H0(Λ,m, r),
Q2
u2 +Q2
F2(Q)→ −u
3
4π
H1(Λ,m, r),
Q
u2 +Q2
F2(Q)→ iu
3
4π
rH2(Λ,m, r),
QiQj
u2 +Q2
F2(Q)→ − u
3
12π
[H3(Λ,m, r)Kij +H1(Λ,m, r)δij ] .
(27)
If u2ex = m
2
ex − Q20 < 0, the last formula above changes
into
QiQj
u2 +Q2
F2(Q)→ − θ
3
12π
[M3(Λ,m, r)Kij +M1(Λ,m, r)δij ] .
B Some Details of the Operators in the
Lagrangian
We used some operators in the Eqs. (14-17),
∆SASB = σrsA · σrsB, ∆LS =
1
2
L · σrs,
∆T =
3σrsA · rσrsB · r
r2
− σrsA · σrsB. (28)
∆SASB ,∆LS and∆T are spin-spin operator, spin-orbital
operator and tensor operator, respectively. σrs is the spin
operator for spin- 32 baryons. L is the relative orbit an-
gular momentum operator between the two baryons. SA
and SB are the spin operators of two baryons respectively,
while S = SA + SB is the total spin operator. For spin-
3
2
baryons, S = 32σrs.
We introduce the transition spin operator Sµt for the
Rarita-Schwinger field Ψµ, because we focus on the baryons
with spin 32 . The field Ψ
µ can be expressed as
Ψµ(λ) =
∑
mλ
∑
ms
ǫµ(mλ)χ(ms) = S
µ
t Φ, (29)
where ǫµ(mλ) is the polarization vector of a spin-1 field,
ǫµ(+) = − 1√
2
[0, 1, i, 0]
T
, ǫµ(0) = [0, 0, 0, 1]
T
,
ǫµ(−) = 1√
2
[0, 1,−i, 0]T .
(30)
χ is a two-component spinor. Φ is the spin wave function
of spin 32 baryons.
Φ
Å
3
2
ã
= [1, 0, 0, 0]
T
, Φ
Å
1
2
ã
= [0, 1, 0, 0]
T
,
Φ
Å
−1
2
ã
= [0, 0, 1, 0]
T
, Φ
Å
−3
2
ã
= [0, 0, 0, 1]
T
.
(31)
It is easy to obtain the transition spin operator,
S0t =0, S
x
t =
1√
2

−1 0 1√2 0
0 − 1√
3
0 1

 ,
Syt =−
i√
2

1 0 1√3 0
0 1√
3
0 1

 , Sxt =

 0
»
2
3 0 0
0 0
»
2
3 0

 .
(32)
The spin operator for spin- 32 particles can be derived
from the Pauli matrices σrs ≡ −S†tµσSµt . The explicit
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form is
σxrs =


0 1√
3
0 0
1√
3
0 23 0
0 23 0
1√
3
0 0 1√
3
0


, σyrs =


0 − i√
3
0 0
i√
3
0 − 2i3 0
0 2i3 0 − i√3
0 0 i√
3
0


,
σzrs =


1 0 0 0
0 13 0 0
0 0 − 13 0
0 0 0 −1


(33)
The tensor operator∆T is actually a scalar product of two
rank-2 tensor operators, Y2,m(rˆ) and T2,m
∆T =
2∑
m=−2
4
…
6π
5
T2,mY
∗
2,m(rˆ) (34)
The operator Y2,m(rˆ) is the spherical harmonic function,
and T2,m is a rank-2 tensor operator constructed by spin
operator
T2,±2 =
3
8π
(Sx ± iSy)2,
T2,±1 = ∓ 3
8π
[Sz(Sx ± iSy) + (Sx ± iSy)Sz],
T2,0 =
3
4
√
6π
(3S2z − S2).
(35)
We can get the expression of the matrix elements of the
tensor operator
〈LfSfJfmf |∆T |LiSiJimi〉
=
∑
m1
∑
m2
∑
m3
∑
m4
〈Lf [mf − (m3 +m4)] , Sf (m3 +m4)|Jfmf 〉
× 〈Li [mi − (m1 +m2)] , Sf(m3 +m4)〉
× 〈3
2
m3,
3
2
m4|Sf (m3 +m4)〉 〈3
2
m1,
3
2
m2|Si(m1 +m2)〉
×
∫ 2pi
0
dφ
∫ pi
0
sin(θ)dθY ∗Lf ,mf−(m3+m4)YLi,mi−(m1+m2)
×
ï
3 〈3
2
m3|σrs1|3
2
m1〉 · rˆ(θ, φ) 〈3
2
m4|σrs2|3
2
m2〉 · rˆ(θ, φ)
− 〈3
2
m3|σrs1|3
2
m1〉 · 〈3
2
m4|σrs2|3
2
m2〉
ò
.
(36)
The matrix elements of the tensor operator is independent
of mi and mf according to the Wigner-Eckart theorem.
C Numerical Results of Baryon-antibaryon
Systems
We calculate the possible molecular states formed by one
baryon and one antibaryon. In this section we perform the
single channel calculation for baryon-antibaryon systems
first. And then we take the multichannel effects for J = 0
and J = 1 systems. In this section, we only take the one-
boson-exchange interaction into consideration. In fact, the
three meson threshold may have a significant influence on
the baryon-antibaryon systems. The threshold may change
the existence or properties of the possible molecular states
we obtained. Some of the binding solutions we obtained for
the baryon-antibaryon systems may be narrow molecule-
type resonances like X(3872).
C.1 Single Channel Calculation
The numerical results of the baryon-antibaryon systems
are collected in Table 7. The relevant potentials are shown
in Fig. 4. We find some candidates of molecular states
when the cutoff parameters are suitable.
For the Σ∗c Σ¯
∗
c system, the potential arises from the σ,
π, η, ρ and ω exchanges. They are all candidates of molec-
ular states when some suitable cutoff parameters are cho-
sen. We find binding solutions for the Σ∗c Σ¯
∗
c [0(0
−), 0(1−),
1(0−)] systems, when the cutoff parameters are around
1.0 GeV. The solutions are more dependent on the cutoff
than other systems. For the Σ∗c Σ¯
∗
c [0(3
−)] system, we find
a solution with binding energy 103.6-139.6 MeV, when
the cutoff parameter varies from 1.0 GeV to 1.2 GeV.
The binding energy is less dependent on the cutoff. For
the Σ∗c Σ¯
∗
c [1(2
−)] system, the σ, ρ and ω exchange poten-
tials are attractive, while the π, η exchange potentials are
weakly repulsive. We find a molecular solution with the
binding energy 7.2-47.9 MeV when the cutoff parameter
is from 0.95 GeV to 1.05 GeV. For the Σ∗c Σ¯
∗
c [2(0
−)] sys-
tem, the π exchange is dominant, which is repulsive in the
range r < 1 fm. The binding energy is 41.1-88.3MeV when
the cutoff parameter is 0.8-0.9 GeV. For the Σ∗c Σ¯
∗
c [2(3
−)]
system, the contributions of the ρ and ω exchanges cancel
out. The contributions from other mesons make the total
potential slightly attractive. As a result, we find a binding
solution with a small binding energy, 2.5-9.1 MeV, when
the cutoff parameter is 1.3-1.5 GeV.
For the Ξ∗c Ξ¯
∗
c systems, we get some loosely binding
solutions when the cutoff is about 1 GeV. They are can-
didates of molecular states. Compared with the Σ∗c Σ¯
∗
c
systems, the Ξ∗c Ξ¯
∗
c system also allows the φ meson ex-
change, although it’s contribution is usually small. For
the Ξ∗c Ξ¯
∗
c [0(0
−), 0(1−), 0(2−)] systems, the π exchange
provides the repulsive part of the total potential. The at-
tractive part mainly arises from the σ, ρ and ω exchanges.
Their binding energies and Rrms are shown in Table7.
For the Ξ∗c Ξ¯
∗
c [0(1
−)] system, the π and σ exchange pro-
vide the weakly attractive potential. The binding energy
is 4.7-39.2 MeV with the cutoff parameter from 0.8 GeV
to 1.0 GeV. For the Ξ∗c Ξ¯
∗
c [1(2
−)] system, the attractive
potential mainly comes from the σ exchange. A molecular
solution with the binding energy 2.1-24.3 MeV appears
when the cutoff is 0.9-1.1 GeV. For the Ξ∗c Ξ¯
∗
c [1(3
−)] sys-
tem. We get the numerical result with the binding energy
3.2-23.6 MeV, when the cutoff parameter varies form 1.0
GeV to 1.2 GeV.
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Table 7. The numerical results for baryon-antibaryon single channel systems. Λ is the cutoff parameter. ”E” is the binding
energy. Rrms is the root-mean-square radius. We use [I(J
P )] to mark different states.
States Λ(MeV) E(MeV) Rrms(fm) States Λ(MeV) E(MeV) Rrms(fm)
Σ∗c Σ¯
∗
c [0(0
−)]
1040 13.9 1.0
Ξ∗c Ξ¯
∗
c [0(0
−)]
1000 0.4 4.4
1060 76.0 0.5 1050 10.4 1.2
1080 185.2 0.4 1100 56.3 0.6
Σ∗c Σ¯
∗
c [0(1
−)]
1020 5.7 1.6
Ξ∗c Ξ¯
∗
c [0(1
−)]
1000 2.5 2.2
1040 23.6 0.9 1050 15.2 1.0
1060 62.2 0.6 1100 49.9 0.6
Σ∗c Σ¯
∗
c [0(2
−)]
950 6.6 1.5
Ξ∗c Ξ¯
∗
c [0(2
−)]
950 4.5 1.7
1000 25.6 0.9 1000 12.8 1.2
1050 58.3 0.7 1050 26.4 0.9
Σ∗c Σ¯
∗
c [0(3
−)]
1000 103.6 0.6
Ξ∗c Ξ¯
∗
c [0(3
−)]
800 4.7 1.6
1100 111.8 0.7 900 21.1 0.9
1200 139.6 0.7 1000 39.2 0.8
Σ∗c Σ¯
∗
c [1(0
−)]
1000 6.0 1.5
Ξ∗c Ξ¯
∗
c [1(0
−)]
800 23.0 0.8
1020 24.1 0.8 900 11.1 1.1
1040 60.4 0.6 1000 18.6 1.0
Σ∗c Σ¯
∗
c [1(1
−)]
980 3.4 2.0
Ξ∗c Ξ¯
∗
c [1(1
−)]
800 10.3 1.1
1000 10.8 1.2 900 7.1 1.4
1020 25.4 0.9 1000 15.1 1.0
Σ∗c Σ¯
∗
c [1(2
−)]
950 7.2 1.5
Ξ∗c Ξ¯
∗
c [1(2
−)]
900 2.1 2.3
1000 22.9 1.0 1000 9.2 1.3
1050 47.9 0.7 1100 24.3 0.9
Σ∗c Σ¯
∗
c [1(3
−)]
800 13.9 1.0
Ξ∗c Ξ¯
∗
c [1(3
−)]
1000 3.2 1.9
900 33.6 0.8 1100 12.3 1.1
1000 45.3 0.8 1200 23.6 0.9
Σ∗c Σ¯
∗
c [2(0
−)]
800 41.1 0.7
Ω∗c Ω¯
∗
c [0(0
−)]
1000 0.8 3.5
850 62.4 0.6 1100 4.6 1.8
900 88.3 0.5 1200 25.5 0.9
Σ∗c Σ¯
∗
c [2(1
−)]
800 18.0 1.0
Ω∗c Ω¯
∗
c [0(1
−)]
1000 1.4 2.8
850 31.6 0.8 1100 6.8 1.5
900 49.0 0.7 1200 31.7 0.8
Σ∗c Σ¯
∗
c [2(2
−)]
900 4.4 1.7
Ω∗c Ω¯
∗
c [0(2
−)]
900 4.2 1.7
1000 18.2 1.0 1000 5.3 1.6
1100 39.6 0.7 1100 17.4 1.0
Σ∗c Σ¯
∗
c [2(3
−)]
1300 2.5 2.3
Ω∗c Ω¯
∗
c [0(3
−)]
800 4.1 1.9
1400 5.4 1.7 900 4.9 1.6
1500 9.1 1.4 1000 34.2 0.7
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Fig. 4. The interaction potentials for the baryon-antibaryon single channel systems.
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For the Ω∗c Ω¯
∗
c systems with spin 0,1,2, we get some
deuteron-like solutions. All theΩ∗c Ω¯
∗
c systems are expected
to be candidates of molecular states. From the Fig. 4, it
seems that σ exchange provides most of the potential. The
total potential is weakly attractive in the medium and long
range. The binding energy of Ω∗c Ω¯
∗
c [0(0
−)] is 0.8-25.5 MeV
when the cutoff is from 1.0 GeV to 1.2 GeV. The binding
energy of Ω∗c Ω¯
∗
c [0(1
−)] is 1.4-31.7 MeV when the cutoff
parameter is in the range of 1.0 GeV-1.2 GeV. For the
Ω∗c Ω¯
∗
c [0(2
−)], the binding energy is 4.2-17.4 MeV when
the cutoff parameter changes from 0.9 GeV to 1.1 GeV.
For the Ω∗c Ω¯
∗
c [0(3
−)], the main part of the potential comes
from the σ and η exchanges. The binding energy is 4.1-34.2
MeV when the cutoff is from 0.8 GeV to 1.0 GeV.
C.2 Couple Channel Calculation
In this subsection, the couple channel effect is added for
J = 0, 1 systems. The numerical results are shown in Ta-
bles 8 and 9 respectively. The corresponding potentials are
given in Figs. 5-7.
For the states with total spin 0, we consider the cou-
ple channel effect for the six systems, Σ∗c Σ¯
∗
c with isospin
0, 1, 2, and Ξ∗c Ξ¯
∗
c with isospin 0, 1 as well as Ω
∗
c Ω¯
∗
c [0(0
−)].
They are all candidates of molecular states. For most cases,
the D-wave channel affects the S-wave channel slightly.
For the Ξ∗c Ξ¯
∗
c [1(0
−)] system, as shown in Table 8, the
D-wave contribution in the total wave function is about
0.1%, and makes the binding energy shift 0.2 MeV when
the cutoff parameter is 0.9 GeV. The Σ∗c Σ¯
∗
c [0(0
−)] sys-
tem is interesting. The couple channel effect does change
the result quite a lot. The D-wave contribution is around
40%. For the single channel case, we choose the cutoff pa-
rameter from 1.04 GeV to 1.06 GeV. After considering
the couple channel effect, we choose a new range of cut-
off parameter, 0.8-0.9 GeV, to get the binding solutions
with reasonable small binding energies, 5.1-43.8 MeV. For
the Σ∗c Σ¯
∗
c [1(0
−)] system, we find a loosely bound solution,
whose binding energy is 4.2-20.1 MeV, when the cutoff pa-
rameter is 0.9-0.94 GeV. The couple channel effect also has
a significant influence on the system. For the Σ∗c Σ¯
∗
c [2(0
−)]
system, the couple channel effect only makes the binding
a little deeper. For the Ξ∗c Ξ¯
∗
c [0(0
−)] system, the binding
energy is 5.5-61.1 MeV while the cutoff parameter is 0.95-
1.05 MeV. For the Ω∗c Ω¯
∗
c [0(0
−)] system, a molecular so-
lution appears when the cutoff parameter varies from 0.9
GeV to 1.1 GeV.
For the system with spin 1, we add G-wave besides
the S- and D-waves. All the six systems are candidates
of molecular states. For the Σ∗c Σ¯
∗
c [0(1
−)] system, the D-
waves have a nontrivial influence. The contribution of D-
waves is almost 40%, when the cutoff is 0.84 GeV. The
large D-waves contribution makes us choose the different
cutoff parameters from the single channel case. The bind-
ing energy for multichannel calculation is 5.1-13.5 MeV,
while the cutoff parameter is 0.8-0.84 GeV. For theΣ∗c Σ¯
∗
c [1(1
−)]
system, the effect of D-waves is also obvious. The binding
energy is 1.9-22.8 MeV when the cutoff is 8.8-9.4 GeV.
The Ξ∗c Ξ¯
∗
c [0(1
−)] system is similiar. We find that a loosely
binding solution with binding energy 1.5-24.2 MeV ap-
pears when the cutoff parameter is 0.9-1.0 GeV. For the
Σ∗c Σ¯
∗
c [1(1
−)] system, the S-wave dominates the total wave
function. The binding energy is larger than the single
channel calculation. For the Ξ∗c Ξ¯
∗
c [1(1
−)] system, the D-
wave contribution is less than 0.2%, the binding energy
is also larger than that in the single channel case. For
the Ω∗c Ω¯
∗
c [0(1
−)] state, the couple channel effect makes
the binding deeper as expected. The binding energy is 3.2
MeV while the cutoff is 1.0 GeV.
C.3 Summary
We calculate the baryon-antibaryon systems with differ-
ent spin and isospin in single channel, and find the loosely
bound solutions. After considering the channel mixing ef-
fect, we calculate the systems with total spin 0 and 1.
For the most systems, the multichannel effect would lead
to a deeper binding solution. For the Σ∗c Σ¯
∗
c [0(0
−), 1(0−),
0(1−), 1(1−)] and Ξ∗cΞ
∗
c [0(1−)] systems, the D-wave con-
tribution is nontrivial, and may even reaches up to 40%.
Moreover, a baryon-antibaryon molecular state may
also decay into three mesons through quark rearrange-
ment, which makes the molecular states unstable. Some
of the “bound sates” obtained in this section may appear
as other structures in experiment considering the open
three mesons threshold. On the one hand, some of these
binding solutions may appear as a possible enhancement
of the baryon and antibaryon invariant mass spectrum in
experiment, instead of as a real resonance. On the other
hand, some of these binding solutions may appear as a
narrow resonance state like X(3872). X(3872) is a good
candidate of the DD¯∗ molecule. Although it decays into
DD¯π, X(3872) is still a very narrow resonance. Another
example, the charged Zc states containing four quarks, are
above some two mesons thresholds. Even though the Zc
states decay into two mesons through quark rearrange-
ment, they still appear as rather narrow resonances in
experiment.
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Table 8. The numerical results for two baryon-antibaryon couple channel systems with total spin 0. Λ is the cutoff parameter.
”E” is the binding energy. Rrms is the root-mean-square radius. We use [I(J
P )] to mark different states. PS is the percentage
of the S wave, and PD is the percentage of the D wave.
States Λ(MeV) E(MeV) Rrms(fm) PS(%) PD(%) States Λ(MeV) E(MeV) Rrms(fm) PS(%) PD(%)
Σ∗c Σ¯
∗
c [0(0
−)]
800 5.1 3.0 71.7 28.3
Ξ∗c Ξ¯
∗
c [0(0
−)]
950 5.5 2.2 86.8 13.2
850 14.9 2.1 60.9 39.1 1000 21.4 1.4 80.5 19.5
900 43.8 1.5 50.6 49.4 1050 61.1 1.0 77.4 22.6
Σ∗c Σ¯
∗
c [1(0
−)]
900 4.2 2.6 83.1 16.9
Ξ∗c Ξ¯
∗
c [1(0
−)]
900 11.2 1.2 99.9 0.1
920 9.9 2.0 77.3 22.7 1000 18.9 1.0 99.8 0.2
940 20.1 1.6 72.5 27.5 1100 40.9 0.8 99.9 0.1
Σ∗c Σ¯
∗
c [2(0
−)]
800 45.6 0.8 98.7 1.3
Ω∗c Ω¯
∗
c [0(0
−)]
900 7.8 1.5 97.1 2.9
850 67.9 0.7 98.7 1.3 1000 2.3 2.4 98.3 1.7
900 94.9 0.6 98.8 1.2 1100 13.2 1.4 93.5 6.5
Table 9. The numerical results for two baryon-antibaryon couple channel systems with total spin 1. Λ is the cutoff parameter.
”E” is the binding energy. Rrms is the root-mean-square radius. We use [I(J
P )] to mark different states. PS is the percentage
of the 3S1, PD1 is the percentage of the
3D1, PD2 is the percentage of the
7D1, and PG is the percentage of the
7G1.
States Λ(MeV) E(MeV) Rrms(fm) PS(%) PD1(%) PD2(%) PG(%)
Σ∗c Σ¯
∗
c [0(1
−)]
800 5.1 3.3 72.0 13.1 14.8 0.1
820 8.2 2.9 67.1 14.0 18.7 0.2
840 13.5 2.6 61.6 14.5 23.7 0.2
Σ∗c Σ¯
∗
c [1(1
−)]
880 1.9 3.5 89.2 5.7 5.1 0.0
900 5.4 2.6 83.8 7.8 8.3 0.1
940 22.8 1.8 74.2 10.1 15.6 0.1
Σ∗c Σ¯
∗
c [2(1
−)]
800 22.6 1.1 98.0 1.5 0.5 0.0
820 28.1 1.0 98.1 1.5 0.4 0.0
840 34.2 1.0 98.1 1.5 0.4 0.0
Ξ∗
′
c Ξ¯
∗′
c [0(1
−)]
900 1.5 3.5 93.4 3.7 2.9 0.0
950 7.5 2.1 88.0 6.1 5.9 0.0
1000 24.2 1.5 82.9 7.7 9.4 0.0
Ξ∗
′
c Ξ¯
∗′
c [1(1
−)]
800 10.4 1.2 100.0 0.0 0.0 0.0
900 7.2 1.4 99.9 0.1 0.0 0.0
1000 15.4 1.1 99.8 0.1 0.1 0.0
Ω∗c Ω¯
∗
c [0(1
−)]
900 7.4 1.6 97.5 1.5 1.0 0.0
1000 3.2 2.2 98.3 1.1 0.6 0.0
1100 15.8 1.4 94.2 3.5 2.3 0.0
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Fig. 5. Some typical interaction potentials for the baryon-antibaryon couple channel systems with total spin 0. V11, V12 and
V22 denote the
1S0 ↔
1S0,
1S0 ↔
5D0 and
5D0 ↔
5D0 transitions potentials.
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Fig. 6. Some typical interaction potentials for the Σ∗c Σ¯
∗
c couple channel systems with total spin 1. The subscript number 1-4
means states3S1,
3D1,
7D1 and
7G1 in sequence. We put only four representative potentials here. For other potentials, V12 and
V22 are similar to V11, V24 is similar to V13, while V34 and V44 are similar to V34.
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